[1] Impact-driven fluvial erosion is directly related to the energy delivered to the channel bed by moving bed load. Using a novel protocol, we have measured this energy in four mountain streams in Austria and Switzerland. Similar to bed load transport rates, the energy delivered to the bed displays large scatter over several orders of magnitude even for a constant discharge. We found that only a small fraction (<1%) of the total energy available to the stream is delivered to the bed and can be used for erosive work. Empirical predictive equations can be defined for specific sites, but there is large site-to-site variability. Prediction of energy delivered to the bed using the saltation-abrasion model of bedrock erosion only provides the observed trends when measured bed load transport rates are used as input. Using an empirical transport law calibrated to the conditions at one of the study streams leads to overprediction of delivered energies by more than 2 orders of magnitude. This overprediction decreases with increasing discharge, and thus, at high discharges, better predictive results are obtained. We find a correlation between the channels' bed slope or characteristic grain sizes of the channel bed and the fraction of energy delivered to the bed of the total energy available to the stream. This observation provides a tentative link between fundamental fluvial incision processes to the stream power model family that has widely been used to model fluvial bedrock incision in landscape evolution simulations. 
Introduction
[2] Fluvial bedrock erosion is a key process in evolving orogens. Bedrock channels modulate the coupling between climate, tectonics, and erosion, by cutting into the underlying substrate, steepening adjacent hillslopes, and by evacuating the sediment produced in the landscape [e.g., Whipple et al., 2000; Hovius and Stark, 2006; Turowski, 2012] . A detailed knowledge of fluvial bedrock erosion processes is important not only for the comprehension of channel dynamics, sediment transport, and channel-hillslope coupling but can affect our understanding of the rates of evolution of whole mountain belts [e.g., Egholm et al., 2013] .
[3] In many streams that are actively eroding bedrock, impact wear is thought to be the dominant process of incision [e.g., Whipple et al., 2000; Hartshorn et al., 2002; Sklar and Dietrich, 2004; Cook et al., 2013; Wilson et al., 2013] . Moving sediment particles impact exposed rock surfaces and erode the rock [e.g., Gilbert, 1877; Moore, 1926; Sklar and Dietrich, 2001; Turowski et al., 2007; Whipple, 2007, 2010] . In the classic impact wear model of Bitter [1963a Bitter [ , 1963b , the average volume of rock V i removed by a single particle impact is linearly related to the kinetic energy transferred by the impacting grains (see also Head and Harr [1970] and Momber [2004] ). This can be encapsulated in the equation
[4] Here E g is the energy transferred to the rock by the impact of a single grain, ε t is an erosion threshold, and E V is the energy per unit volume needed to remove the rock. Sklar and Dietrich [2004] adapted Bitter's [1963a Bitter's [ , 1963b equations for fluvial bedrock abrasion by saltating bed load and argued based on laboratory experiments [Sklar and Dietrich, 2001] that the erosion threshold is negligible. Thus, we can write for impact-driven fluvial bedrock abrasion
[5] As is clear from equation (2), the volume of rock removed by impact erosion is directly proportional to the energy delivered to the bed. The energy delivered to the bed E g and the constant of proportionality E V have been linked to hydraulics and rock properties using theoretical and semiempirical arguments [Sklar and Dietrich, 2004] and calibrated on experimental data from an erosion mill [Sklar and Dietrich, 2001] . However, direct field measurements of the relevant parameters are not yet available. The aims of the present article are twofold. First, we introduce a novel field technique to directly measure in the field the energy delivered to the bed by moving bed load using a bed load surrogate monitoring system, employed in several alpine mountain streams [Rickenmann and McArdell, 2007; . The system is known in the literature as Swiss plate geophone system [e.g., Gray et al., 2010] and is herein referred to as geophone sensor system. We calibrated the sensor output in the laboratory to obtain absolute energy values from single impacts. Second, we describe field measurements from four mountain streams and compare the data of one these streams to theoretical predictions of the delivered energy using a mechanistic erosion model [Sklar and Dietrich, 2004] . We use the results to discuss links to popular bedrock erosion models from the literature, namely, the stream power model [Seidl et al., 1994] and the saltation-abrasion model [Sklar and Dietrich, 2004] .
Field Sites
[6] The energy delivered to the bed by moving gravel was measured in four streams in the European Alps (Figures 1  and 2 ; Table 1 ). All four streams are gravel-bed rivers, and the main aim of the sensor installation was the long-term observation of bed load transport, partly for scientific and partly for operational reasons.
[7] The main observation site is the Erlenbach, an experimental catchment operated by the Swiss Federal Research Institute WSL [Hegg et al., 2006] . It is located in the Alptal valley (canton Schwyz) in the Swiss preAlps. The gauging station is located at an elevation of 1110 MASL, where the Erlenbach stream drains a total area of 0.7 km 2 . Floods occur mainly due to thunderstorm events during the summer. The catchment is well instrumented for sediment transport observations and is described in detail elsewhere [Rickenmann and McArdell, 2007; Rickenmann et al., 2012] . Six geophone sensors are located in a check dam upstream of a sediment retention basin and in close proximity to the discharge gauge (Figure 2a ; only the six plates in the channel center are instrumented). Although the sensors have been in operation since 1986, the necessary data to calculate energy delivery have only been recorded together with stage level at 1 min intervals since 4 July 2011. Data used here were recorded from July to December 2011. Throughout the present paper, we focus on an Erlenbach bed load transport event in October 2011 with a peak discharge of 1130 l/s as an example. The event was selected because it featured the largest discharge peak in the studied period. [8] The Riedbach near Grächen in the Matter Valley in Switzerland is a steep, glacially fed stream [Nitsche et al., 2012] . Discharge is gauged at an elevation of 1809 MASL, at a water intake for a hydropower station, where the stream drains a total area of 15.8 km 2 , 53 % of which is glaciated. A row of seven instrumented geophone sensor plates is installed across the stream at the gauging station upstream of a tyrolean weir (Figure 2b ). Discharge and sediment transport data are recorded at 10 min intervals. The data used here were recorded from August 2008 to September 2011.
[9] The observation site at the Ruetz in the Stubai Valley in Austria is located at an elevation of 1684 MASL in the high Alps (Figure 2c ), where the stream drains a total area of 28 km 2 ,~22 % of which is glaciated. During the summer months, discharge is consistently high due to glacial melt, and bed load transport occurs more or less continuously. A similar situation as to the Ruetz pertains to the Fischbach in the Ötz Valley in Austria, which at the observation site at 1540 MASL drains 71 km 2 , 17 % of which is glaciated (Figure 2d ). At both sites, eight geophone plates are active, and discharge and sediment transport data are recorded at 15 min intervals at the gauging stations operated by a hydro power company (see also ). The extent of the glaciated area in the Fischbach and Ruetz catchments is based on surveys from 1986 [Hasslacher and Lanegger, 1988] and has probably diminished since then. Data for the Fischbach used herein were recorded between January and June 2011 and for the Ruetz between April 2010 and June 2011.
Methods

Sensor System and Energy Calibration
[10] The WSL bed load surrogate monitoring system (Swiss plate geophone system) consists of steel plates with dimensions of 50 × 36 cm that are mounted flush with the stream bed. A commercially available geophone sensor (20DX geophone from Geospace Technologies, Houston, Texas, in a PC801 LPC Land-case) is fixed in the center under the plate. As bed load passes over the plate, vibrations occur, which are recorded by the sensor. The geophone system has been used for over a decade to monitor bed load transport in alpine catchments. For this purpose, the number of vibration intensity peaks above a predefined threshold (impulses) are counted, which are proportional to bed load volumes passing the sensor McArdell, 2007, 2008; Rickenmann et al., 2012] . More information on the geophone system can be found in the publications by Rickenmann et al. [2012 Rickenmann et al. [ , 2013 , Rickenmann [2009, 2011] , and in the references cited therein. In each of the sites studied here, several steel plates are placed in a row across the stream, covering the whole cross section. In the Fischbach and the Ruetz, only every second plate is instrumented with a geophone, while in the Erlenbach, the six central plates are active, and the Riedbach every plate is instrumented.
[11] The geophone sensor consists of a coil, which can move in the field of a permanent magnet due to vibrations, such that the velocity vector is perpendicular to the magnetic flux density vector B. The induced voltage U ind is then proportional to the velocity of the coil v.
[12] Here d is the distance between the magnetic poles. In the geophone system, the geophone sensor is aligned in such a way that the normal velocity of the vibrations in the center of the plate is measured. The kinetic energy of the coil is proportional to the velocity squared, and energy transferred to the sensor by moving bed load E bed can thus be measured from the integrated squared signal of the geophone output U g , which is proportional to U ind but may be amplified.
[13] Here K is a constant, which we calibrated by laboratory experiments. To this end, a projectile ball was dropped onto various points of the sensor plate from known heights, and the response signal was recorded [Böckli, 2011] . The ball was made of hard rubber with a steel center and had a mass of M imp = 0.144 kg. For each drop height, we recorded five impact events with a high-speed camera at 500 frames per second. The films were used to measure impact velocity V imp and rebound height h. The energy delivered to the sensor plate in the impact E bed could then be calculated using the equation
[14] Here g is the acceleration due to gravity. For each drop height, we thus obtained a relationship between delivered energy and drop height, which was used for all experiments. [15] Assuming that the sensor plate reacts symmetrically, we measured sensor response to impacts at 25 regularly spaced points in one quadrant of the sensor plate (Figure 3 ), repeating each experiment 10 times. We checked the assumption of symmetry with measurements at selected points in the other three quadrants. At seven of the 25 points, we measured the sensor's response to impacts from various drop heights. The minimum drop height was 10 cm and the maximum height 80 cm, with intermediate heights at a spacing of 10 cm. This corresponds to impact energies ranging from 0.05 J to 0.5 J. A different calibration relation between impact energy and the squared integrals of the sensor response was derived for each sensor point. Similar relations of nearby points were averaged, and the sensor plate was partitioned into five zones corresponding to different calibration relations (Figures 4a and 5 ). Assuming that each point on the sensor plate is equally likely to be impacted by moving bed load in the stream, the energy delivered to the whole plate was calculated by weighting the different calibration relations by the relative area of the respective zones on the plate. The resulting plate-averaged calibration relation is nearly linear and can be described by the equation (Figures 4b and 5 ): [16] In the field, the geophone sensor signal is recorded at a frequency of 10,000 Hz, and summary values (e.g., impulses, sum of the squared integrals) [see Rickenmann et al., 2012 Rickenmann et al., , 2013 are stored at the site-specific temporal resolution. The energy formula derived in the laboratory (equation 6) was applied to the squared integral of the sensor signal to obtain the energy delivered to the bed by the stream. To exclude noise of the sensor system, for example due to flowing water, we considered time steps only when a minimum number of impulses were recorded, implying that coarse bed load was transported. For the Erlenbach, this impulse threshold was specified as one impulse per minute for each sensor plate. Using the calibration factor for material larger than 20 mm [Rickenmann et al., 2013] , this corresponds to a bed load mass of 0.19 kg or a transport rate per unit width of 6.33 × 10 À3 kg m À1 s
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. To allow comparison between the streams, we used the latter as a threshold transport rate in all streams. For the Riedbach, this corresponds to a minimum number of 21 impulses in a measurement period (10 min), for the Fischbach to 66 impulses, and for the Ruetz to 47 impulses (both in 15 min). For all studied streams, the specified threshold reasonably filters out measurements at unplausibly low discharges. The measured energy values at the Fischbach and the Ruetz additionally need to be doubled for analysis, because only every second sensor plate is instrumented there.
[17] To obtain total stream energies, we calculated stream power Ω and multiplied by the length of the measurement time step Δt and the along-stream length of the geophone sensor plate L = 0.36m. The total energy of the stream E tot is then given by
[18] Here ρ is the density of water, Q is the discharge, and S is the channel bed slope. Throughout the paper, we will frequently use the ratio of the energy delivered to the bed to the total stream energy, hereafter referred to as the energy-delivery ratio and abbreviated by R = E bed /E tot .
[19] Grain size distributions were measured with the lineby-number method [Fehr, 1987] , while slope was measured with a hand-held inclinometer over a distance of~100 m upstream of the measurement cross section at the Fischbach, Riedbach, and Ruetz and from survey data at the Erlenbach. For additional details, see .
Theoretical Calculation of the Energy Delivered to the Bed
[20] In this section, we compare the energy values measured in the field to calculations using an equation that is a Figure 3 . Top view photograph of a geophone sensor plate used for the laboratory experiments, with impact locations marked by black crosses. The quadrant on the lower righthand side was studied in detail, and the assumption of symmetry was checked by measuring sensor response for selected points in the other quadrants. At circled impact locations, experiments were made for all drop heights. At all other impact locations, the sensor response was studied only for a drop height of 50 cm. component of the saltation-abrasion model for bedrock erosion [Sklar and Dietrich, 2004] . The saltation-abrasion model is built on the assumption that the volume of bedrock removed by a single impact is proportional to the energy of the impactor at the moment of impact [see Sklar and Dietrich, 2004, equation (3)] (the threshold is neglected by them). Note the model does not work with the energy delivered to the bed but with the total kinetic energy of the impactors, including energy retained by the impactor in the rebound [see Sklar and Dietrich, 2004, equation (3)]. The discrepancy between this formulation and the actual energy delivered to the bed is subsumed into the rock resistance coefficient, which is an empirical, laboratory-calibrated scaling factor. To obtain the energy of the impactors E kin , the saltation-abrasion model equation [Sklar and Dietrich, 2004, equation (24a) ] needs to be multiplied by the total energy required to erode a unit volume of rock (defined in Sklar and Dietrich [2004, equation (4) ]), yielding the equation (note that Sklar and Dietrich [2004] used the symbol E for erosion rate, while we use it for energy)
[21] Here q s is the mass bed load transport rate per unit width, ρ s is the density of the sediment, τ = ρgHS is the shear stress on the bed, τ c the critical shear stress for the onset of bed load motion, and H is the hydraulic radius of the flow. We used a value of τ c = 102.6 Pa for the critical shear stress (equivalent to a shields stress of 0.066 for the median grain size), which corresponds to the measured onset of bed load transport in the October 2011 event. In equation (8), we neglected the cover effect and the suspension effect term [see Sklar and Dietrich, 2004, equation (24a) ]. For efficient measurements, the geophone systems are installed in such a way that sediment covering of the sensors is extremely unlikely, thus, the stream behavior on-site is tools dominated, and the cover effect can be neglected to first approximation. The suspension effect term is negligible for τ < 10 τ c , which is commonly the case [Sklar and Dietrich, 2004 ; see also Lamb et al., 2008] . To obtain absolute energy values, equation (8) needs to be multiplied by the area of the geophone sensor plate, the number of sensors in the cross section, and the length of the time step.
[22] For calculating energy values with equation 8, information on bed load transport rates is necessary. We used (i) the transport rates determined with the geophone sensors (method 1) and (ii) transport rates estimated using a power law function of discharge as put forward by Barry et al. [2004] (method 2).
where k B and β can be estimated with the method of Barry et al. [2004] with the following equations:
[23] The dimensionless bed load transport ratio q * is given by the equation:
[24] Here τ Q 2 = 93 Pa is the bed shear stress during a 2 year flood, τ d 50s = 58.3 Pa is the critical shear stress necessary to move the median grain size of the surface material, and τ d 50ss = 11.7 Pa is the critical shear stress necessary to move the median grain size of the subsurface material, which is assumed to be equal to the median grain size of material deposited in the retention basin [see Rickenmann and McArdell, 2007] . The power function of Barry et al. [2004] is advantageous for our purpose in comparison to more commonly used formulae, since it is calibrated on field data and predicts actual bed load transport rates rather than transport capacity. Using equations (10) and (11), we obtained β = 2.88. Note that the correction published by Barry et al. [2007] is not relevant here, as it only affects the estimation of the prefactor, which we obtained from site-specific data as follows. Many commonly used bed load equations show poor predictive performance for steep streams such as the Erlenbach [e.g., Nitsche et al., 2011; Yager et al., 2012] . Thus, the prefactor of the power law was calibrated at 0.51m À5.64 s 1.88 using data from the Erlenbach instead of using Barry et al.'s [2004] equation, in order to obtain the correct order of magnitude of sediment supply. To this end, Barry et al.'s [2004] power equation was applied to the Erlenbach discharge time series since 1983, and the prefactor was adjusted in such a way that the measured accumulated sediment volumes in the retention basin were correctly predicted.
Results
Energy Delivery During a Transport Event at the Erlenbach
[25] The transport event described here occurred on 10 October 2011 in the Erlenbach after some moderate rainfall (Figure 6a ). With a peak discharge of 1130 l/s, it is a comparatively small event for the Erlenbach. Similarly sized events typically occur several times per year. Nevertheless, the peak featured the largest discharge observed in the studied period. Bed load transport was registered more or less continuously for a period spanning 11 h starting around 2:30 A.M. Over the event, the stream delivered 206 J to the channel bed, out of a total energy of~34,000 J (Figure 6b) . Thus, only 0.6% of the energy available to the stream was delivered to the bed and could have been expended for eroding bedrock.
[26] Both bed load transport rates and the measured energy transferred to the bed fluctuate strongly over the course of a flood event, even at times when discharge varies slowly. The bed load transport rates, energy, and the energy-delivery ratio are correlated to discharge (Figure 7 ), but at a given discharge, scatter can range over more than 2 orders of magnitude.
Energy Delivery as a Function of Catchment Parameters
[27] The measured energy transferred to the bed can be related to the total energy of the stream (Figure 8 ). For a given observation, site total stream energy is proportional to discharge but varies from site to site due to the influence of channel bed slope (equation 7). For the Riedbach and Fischbach, a trend between these variables is not obvious, although it is hinted at in the Fischbach data. For the Erlenbach and Ruetz, a trend is visible. The discrepancy may be due to the different range of discharges covered by the data, spanning less than an order of magnitude in total stream energy for the Riedbach and Fischbach. For the Erlenbach and the Ruetz, the discharge range spans just over an order of magnitude.
[28] The long-term energy-delivery ratio R LT (calculated as delivered energy to the bed by bed load E bed over the measurement period divided by total stream energy over the measurements period E tot ) and the mean energy-delivery ratio R M (calculated as the mean of the energy-delivery ratios for each of the individual measurements) can be expected to be related to main catchment properties such as drainage area, sediment availability, magnitudes/characteristics of discharge, channel bed slope, or grain size characteristics. We could not find a convincing correlation with tested parameters including drainage area, mean discharge, and mean discharge per unit width over the survey period, channel bed slope, and grain size characteristics for the R M (Figure 9 ). The long-term ratio A) Figure 7 . Functional relation to discharge of (a) the measured energy delivered to the stream bed, (b) the ratio of energy delivered to the bed to the total stream energy R, and (c) the measured bed load transport rate. All data are from 1 min measurements for the Erlenbach event of October 2011.
R LT is anticorrelated with channel bed slope, median grain size D 50 , and the grain size larger than 90% of the grains D 90 .
Discussion
Sensor Calibration and Error Estimation
[29] Measurement errors in the laboratory calibration of individual points on the sensor plate are small, since the impact energy can be measured with high accuracy and the sensor response is stable over time. Small errors may arise because different vibration modes of the plate may be excited when impacting particles consist of a different material than used in the lab (such as rock), when they have a nonspherical shape or when multiple particles interact with the sensor at the same time. However, two major components of error will dominate the field measurements. The first is the integrated calibration equation for the whole sensor plate (equation 6). To check this equation directly, the impact strength and location for every bed load particle passing the plate would need to be known, which is difficult even in the laboratory and hardly possible in a field situation. The second is the assumption that all parts of the sensor plate are impacted by moving particles at an equal rate. For the various regions of the sensor plate, the sensor output differs by a factor of up to five for the same delivered energy (cf. Figure 4) , and clearly, this affects measurement accuracy. At the Erlenbach, measurement intervals are set to 1 min, and it seems unlikely that all possible combinations of grain size impact location and corresponding impact energies are realized within this time frame. The situation is somewhat better for the other streams, where data are recorded in 10 or 15 min intervals. A direct measurement of impact locations and local impact energies and thus a formal error analysis is currently not possible. We set the error in the energy measurements to 30%, for the purpose of this paper. The value is derived from the long-term experience of working with the sensor system and seems to provide a reasonable error estimate. A more thorough approach needs further laboratory and field experiments and is left for future studies.
Energy Delivery to the Bed
[30] Energy is delivered to the bed mainly due to impacts of bed load particles [cf. Hartshorn et al., 2002; Sklar and Dietrich, 2004; Burtin et al., 2008; Turowski et al., 2008b] . Indeed, in the October event, delivered energy E bed is correlated to the bed load transport rates with a nearly linear dependence (Figure 10 ). However, some caution needs to be applied in the interpretation of these data, since in our experiments, both the energy delivered to the bed and the bed load transport rates have been measured with the same instrument. For a given transport rate, large scatter up to an order of magnitude can be observed. Bed load transport rates are known to fluctuate over several orders of magnitude even for constant discharge (Figure 7c ). There are several reasons for this fluctuation, including the availability of sediment, spatially and temporarily varying grain size distributions and grain shape, the motion of bed forms, and turbulent force fluctuations in the water [e.g., Hoey, 1992; Chen and Stone, 2008; Turowski, 2010] . Thus, the same transport rate may have been recorded at very different discharges, corresponding to different grain sizes and grain velocities, which can ultimately result in different energy delivery. In addition, a bed load particle of a given size can deliver varying amounts of energy to the bed, depending on its mode of transport (rolling, sliding, saltating), its shape, its velocity, and on the characteristics of motion immediately before and during the impact [cf. . A further source of the scatter may be the changing grain size distribution: The same transport rates can result from a small number of large particles crossing the sensor or a large number of small particles, which may result in different sensor signals [cf. Rickenmann et al., 2013] . Similar considerations can explain the scatter observed in the energy-delivery ratio (Figure 7b ).
Prediction of the Energy Delivered to the Bed Using the Saltation-Abrasion Model and Empirical Equations
[31] With method 1, using the measured bed load transport rates in equation (8), calculated energies overestimate measured energies on average by a factor of 32 (Figure 11a) . Part of the observed shift is due to the different definition of energy in measurement (energy delivered to the bed) and calculation (impactor kinetic energy upon impact). However, it seems unlikely that only~3% of the energy of the impactor is ultimately delivered to the bed. In the laboratory experiments used for calibration (see section 3.1), about 40% of the kinetic energy of the impactor was passed onto the sensor plate while about 60% was retained in the rebound. There, a rubber ball with a steel core was used to impact the sensor unit's steel plate. We expect that a higher fraction is passed to the bed for impacts of rock on rock, since the geophone sensors are covered by steel plates mounted on elastomers, giving a stronger elastic response and thus higher rebound heights than bedrock. Part of the overestimation is thus likely to be due to the model formulation, for example, due to the inadequate description of saltation trajectories [cf. Chatanantavet et al., 2013] .
[32] Using method 2, where bed load transport rates were calculated with the calibrated equation of Barry et al. [2004] , calculated energies overestimate measured energies on average by a factor of about 138 (Figure 11b ). There is a strong trend in this overestimation; at small transport rates, the overestimation can exceed 2 orders of magnitude; at higher transport rates, calculations draw nearer to the observations. A reason for the poor performance may be well-known problems of bed load transport prediction at steep slopes, which is usually put down to macroroughness in the stream and limited sediment availability [e.g., Nitsche et al., 2011; Yager et al., 2007 Yager et al., , 2012 . However, note that we calibrated the equation used in method 2 to the long-term sediment yield of the Erlenbach, and nonlinear averaging effects probably dominate the difference between observed and predicted energy. The results suggest that in the near future, it may be difficult to predict the energy delivered to the bed with laboratorydeveloped empirical equations similar to bed load transport models. Not only do we need (as of today very uncertain) transport predictions for this task, but there are additional sources of scatter, which are only incompletely understood (see section 5.2). In addition, obtaining high-quality field data is difficult and expensive, and the available database will likely expand only slowly. A clear trend is visible, but data scatter over up to an order of magnitude for a given transport rate. Note, however, that the data are not independent, since values on both axes are derived from measurements with the geophone system.
[33] As another possible empirical approach, we can relate the energy delivered to the bed to the stream hydraulics directly (Figure 7a ). These data, too, show considerable scatter. For the October event, a good fit is obtained using both a power law and an exponential model (Figure 12a ). For the complete monitoring period, scatter is considerably larger, but the regression lines give a similarly good fit to the mean trend (Figure 12b ). However, it is clear from Figure 8 that the Erlenbach equation will not fit the data from the other three streams. Currently, it is not possible to derive a general relationship, but site-specific relations might be feasible with broader data sets.
Control of Catchment Parameters and Empirical Erosion Models
[34] Our sensor measures the energy transferred to them by passing bed load. This is an analogy to fundamental assumptions in bedrock erosion models. Although we do not measure energy transfer to a bedrock bed, and although all the streams we have data feature an alluvial bed, we can use the data to make inferences about bedrock erosion, as the steel plate covering the sensor units is similarly smooth as bedrock polished by erosive action. We expect the fraction of energy delivered to the bed by moving bed load to be a function of stream bed roughness. Roughness will affect energy dissipation in the stream and thus modulate the energy available for sediment transport [e.g., Yager et al., 2007; Nitsche et al., 2011] . This again would lead to a reduction in energy delivered to the bed by moving bed load with increasing roughness. In addition, roughness will affect the type of motion of the particles (rolling, sliding, saltation), which in turn will determine the energy delivered to the bed [cf. . This could lead both to a reduction (decreased particle velocity) or an increase (more frequent bed contacts and thus higher cumulative impact energies) in the energy delivered to the bed with increasing roughness. Typically, slope is well correlated with roughness [e.g., Nitsche et al., 2012] and can be used as a proxy. In addition, slope directly affects delivered energies, since it modulates the partitioning of the impact energy in bed-normal and bed-parallel components, and, in addition, it is used to calculate total stream energy (equation 7). Characteristic grain sizes such as D 50 or D 90 are often used to quantify roughness or to evaluate roughness coefficients [e.g., Ferguson, 1994; Rickenmann and Recking, 2011; Nitsche et al., 2012] . We find a negative correlation with all three of these parameters (slope, D 50 , D 90 ; Figures 9d-9f) . The exponent of near minus one in the relationship between R LT and slope implies that the energy delivered to the bed is approximately independent of slope, since there is a linear dependency of stream power on slope (equation 7).
[35] We note that the correlations based on only four data points are not very satisfactory. In addition, the measurement Figure 12a . The same data are plotted on double-logarithmic axes in Figure 8a .
periods for some of the streams span only a few months. But we can use the regression equations shown in Figure 9 to construct tentative preliminary empirical long-term erosion models, based on channel bed slope and grain size characteristics.
[36] Here X stands for any of the three parameters (S, D 50 , D 90 ), and c and α are the parameters obtained from the regressions (Table 2 and Figure 9 ). Multiplying equation 2 with the particle impact rate I r to obtain incision rates I, we can write
[37] Here the energy delivered in a single impact E g has been replaced by the cumulative delivered energy E bed . According to Sklar and Dietrich [2004, equation (4) ], the energy per unit volume needed to remove the rock ε v is a function of the rock's properties:
[38] Here σ T is the tensile strength of the rock, Y its Young's modulus, and k v is a dimensionless rock resistance coefficient. The coefficient not only subsumes the erosion efficiency but is also dependent on bed load properties. For example, the coefficient includes the factor describing the proportion of energy that is actually delivered to the bed out of the total kinetic energy of the impactor upon impact. We can write
[39] Here κ is a dimensionless constant denoting the fraction of total kinetic energy actually delivered to the bed upon impact. Substituting equations (7), (14), and (15) into equation (13), the incision rate I can be written as 16) [40] Here < Q > denotes the time-averaged discharge. Equation (16) was derived using the long-term energy-delivery ratio and is therefore not a process law. It is not suitable to model instantaneous bedrock incision, but it can be used in landscape evolution models featuring time steps longer than several months.
[41] We can use equation (16) to attempt to bridge the gap between our empirical results and a popular family of erosion models, the stream power law. The stream power model for bedrock incision has been proposed by Seidl et al. [1994] and has since been widely used to calculate fluvial bedrock erosion in landscape or channel evolution models [e.g., Tucker and Slingerland, 1994; Crave and Davy, 2001; Lague, 2010; Braun and Willett, 2013] . In the stream power model, incision rate I is expressed as a power function of discharge Q (or, alternatively, drainage area) and channel bed slope S:
[42] Here k e is a coefficient describing the erodibility of the bedrock. A model similar to equation (17) can be derived from the assumption that bedrock incision is a function of bed shear stress [Howard and Kerby, 1983] . The slope exponent n has been argued to depend on the dominant incision process, and to take a value between 2 3 and 5 3 [Whipple et al., 2000] , while the ratio m/n should be around 1 2 [e.g., Whipple and Tucker, 1999] .
[43] The similarity of equations (16) and (17) is obvious. The ratio m/n, which is expected to equal~0.5 from channel long-profile analysis [e.g., Whipple and Tucker, 1999] would, according to our data, be equal to one if D 50 or D 90 are used in place of X or approach a very large value if slope is used instead of X (cf. Table 2 ). Several reasons may be put forward to account for this discrepancy. First, the fraction of E kin delivered to the bed (denoted by κ) may be slope dependent, altering the dependence on slope in the whole relation. We have so far only rough constraints on this parameter using field data from the Erlenbach (see section 5.3). Second, the rock resistance parameter k v , a laboratory-calibrated scaling factor in the saltation-abrasion model [Sklar and Dietrich, 2004] can be expected to be site dependent, as it subsumes details of the impact and rebound, and of energy-delivery processes. An implicit or explicit slope dependency cannot currently be ruled out. Third, averaging discharge over longer time periods may lead to nonlinear effects that may introduce a slope dependency [cf. Lague et al., 2005] . For instance, it has been shown that discharge variability is dependent on drainage area and therefore implicitly on slope [Molnar et al., 2006] . Fourth, it needs to be noted here that in our analysis, so far, the cover effect term F e [cf. Sklar and Dietrich, 2004, equation (1)] has been neglected and needs to be multiplied onto equation (16) for use in sediment-rich channels:
[44] The cover effect arises due to the protection of the bed from impacting particles offered by sediment residing on it [Gilbert, 1877; Sklar and Dietrich, 2004] . Typically, the cover effect is written as a function of the ratio of sediment supply and transport capacity, which are dependent on both discharge and slope [cf. Sklar and Dietrich, 2004; Turowski et al., 2007; Hodge and Hoey, 2012] . Thus, clearly, the relationship between incision rate, discharge, and slope changes when the cover effect is taken into account. Our observations, encapsulated in equation (18), therefore, tentatively suggest that a version of the stream power law that includes the cover effect can adequately describe long-term bedrock incision in mountain streams. The dynamics of such a function and its implications for the channel long-profile, for transient incision, and for landscape evolution have for example been investigated by Gasparini et al. [2006 Gasparini et al. [ , 2007 , Lague [2010] , and Whipple and Tucker [2002] .
Conclusion
[45] Field measurements of the energy delivered to the bed are possible in mountain streams using impact plates equipped with geophones originally designed for the monitoring of bed load transport [Rickenmann and McArdell, 2007; Rickenmann et al., 2012] . We have calibrated this sensor system with laboratory experiments to absolute energy values and applied this method of analysis in four mountain streams in Austria and Switzerland. Unsurprisingly, delivered energy displays similar characteristics as are known for bed load transport rates in mountain streams. These include a strong dependence on discharge and a large scatter for a given discharge. Predictive empirical equations can be derived with a similar accuracy as empirical bed load transport models. However, such equations are site specific, and with data from only four streams, it is currently impossible to derive a model with general validity. The sensor system used in our study is installed in several other streams beside the ones that we studied here [e.g., Turowski et al., 2008a , Rickenmann et al., 2013 , and although data on the squared integrals are currently not available for all of them, these systems may be upgraded in the future to record this parameter.
[46] The direct measurement of the energy delivered to the bed is advantageous in several respects. Existing mechanistic erosion models, chiefly the saltation-abrasion model [Sklar and Dietrich, 2004] and its derivatives [Lamb et al., 2008; Chatanantavet and Parker, 2009] , rely on theoretical, semiempirical or empirical relationships that are usually calibrated on laboratory data recorded in conditions that are insufficiently representative of those observed in natural mountain streams. A comparison of our field data with calculations using an equation that is a component of the saltationabrasion model reveals that measured bed load transport rates need to be available to reliably predict the trends of energy delivery (and thus bedrock erosion rates) observed in nature. Even so, calculated energy delivery overestimates measured values. With measurements of the energy delivered to the bed in natural mountain streams such as reported here, some of the assumptions and components of mechanistic erosion models can be evaluated directly against field data. In addition, field-derived empirical relationships for the energy delivery to the bed significantly reduce the number of assumptions that need to be made to arrive at a usable erosion model.
[47] We have found relationships between the fraction of the total energy delivered to the bed and the channel bed slope or characteristic grain sizes of the channel bed. If these relationships can be substantiated, they may provide links between the local process of bedrock erosion and incision models upscaled to the reach. This may help to explain the large success the stream power model family has enjoyed in the landscape evolution community [e.g., Tucker, 1999, 2002; Braun and Willett, 2013] , despite the fact that it tends to fail to describe observation when it is used as a process law or when sediment effects are taken into account [Sklar and Dietrich, 2001; Johnson and Whipple, 2007; Turowski et al., 2008b; Yanites and Tucker, 2010; Cook et al., 2013] . [48] Acknowledgments. We thank R. Boes and D. Felix for discussions. B. Fritschi built and maintained the measurement systems used here.
